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Dimethyl carbonate (DMC) has become into an appealing fuel additive for reducing the formation of pollutants
during combustion and, together with the post-combustion treatment, allowing to fulfill the most stringent
environmental regulations. Although the production of this chemical is still an open issue, the oxidative
carbonylation of methanol catalyzed by solids and with reactants and products in the gas phase has been pro-
posed to replace the homogeneous commercial process (CuCl in aqueous phase). In this work, we propose the use
of a Cu/Y zeolite (prepared by solid-state ion exchange with copper (I) chloride) as alternative catalyst for this
purpose, optimizing the reaction conditions and proposing a rigorous kinetic model for this reaction. For
accomplishing this aim, gas phase reaction was performed in a continuous fixed-bed reactor. Temperature
(100-200 °C) played a critical role in product distribution, DMC being the main product at 120 °C. The influence
of different reactant (CH3OH/CO/05) concentrations on reaction rate and product distribution was determined
at 120 °C. The experimental data have been successfully fitted to a kinetic model, derived from the mechanism of

the reaction.

1. Introduction

Dimethyl carbonate (DMC) has gaining increasing interest as fuel
additive in the last decades, although its first identified applications
were as solvent and methylating agent [1-4]. As benign methylating
agent, DMC can replace other toxic compounds, such as, dimethyl sul-
fate or methyl halides. An application of importance is the use in
carbonylation reactions, replacing highly toxic phosgene, and the pro-
duction of diphenyl carbonate by transesterification with phenol. This
compound in an intermediate in the production of polycarbonates
polymers [5-9]. The applications as solvent have raised in the last years,
due to the exemption of the definition of volatile organic compound
(VOCQ) by the US Environmental Protection Agency [10]. Thus, DMC has
replaced other popular solvents, such as, methyl ethyl ketone and it has
increased the use as electrolyte in lithium-ion batteries.

The use of DMC as fuel additive has also gained attraction in the last
decades. The high oxygen content of DMC and its good blending octane
makes it an excellent fuel additive, reducing the emissions of internal
combustion engines [11-13]. Compared to other oxygenated additives,
DMC presents a better efficiency in reducing the emissions of NOy, CO,
and soot with the only disadvantage of a lower heating value [14-17].
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The environmental regulations are becoming stricter and, in some cases,
post-combustion treatment alone would not be enough (or very expen-
sive) to meet the standards. These excellent properties, together with its
non-toxicity and the exemption from the definition of VOC, convert
DMC into a great alternative to other fuel additives, e.g., alkylcarbonates
and even methyl tert-butyl ether (MTBE).

DMC is synthetized from methanol according to different routes and
raw materials. Nowadays, the main ultimate raw material is natural gas,
but biogas, biomass or even green hydrogen can be easily incorporated
to the production process. This is quite interesting from the point of view
of global warming. The use of green DMC as, for example, fuel additive
would also be part of the biofuel percentage required regular fuels.

The direct synthesis from methanol and carbon dioxide is highly
desirable to incorporate as raw material residual carbon dioxide from
other processes. These processes are critical for the implementation of a
circular economy, reducing the consumption of raw materials and the
emissions of greenhouse gases. However, this reaction is highly limited
by the equilibrium, leading to extremely low yields [18]. To overcome
these drawbacks different strategies have been proposed in the litera-
ture, but more research is required to obtain a scalable process [19].

The traditional production process of DMC is based on the reaction of
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methanol and phosgene. Given the high toxicity of phosgene, this pro-
cess has been replaced by other ones more environmentally friendly
[18,20,21]. One of these processes, which has achieved successful
industrialization by Enichem in the 80s, is the oxidative carbonylation of
methanol. This process is based on the reaction between liquid methanol
and a gas made of a mixture of CO and O3 in the presence of cuprous
chloride, acting as homogeneous catalyst. Given the low solubility of the
catalyst, the reactor operates with a slurry of the copper salt [8,19]. This
process has some drawbacks, such as, the use of a three-phase reactor
with partial vaporization of the reaction media because of the
exothermic reaction, which can be dangerous and difficult to operate,
the loss of catalyst, equipment corrosion and complex product separa-
tion. For this reason, different alternatives to produce DMC are being
investigated [1,2].

UBE developed another DMC synthesis route based on a two-step
reaction process. In a first reactor, methanol is transformed into meth-
ylnitrite by reaction with nitrogen monoxide. Then, in a second reactor,
this intermediate compound reacts with CO over a palladium-copper
chloride catalyst to produce DMC [19]. However, this process requires
two reactors and uses toxic reactants and intermediates.

There is a lot of interest in developing an oxidative carbonylation
process able of operating with all the reactants in the gas phase and
using solid catalysts [22]. Some authors have successfully studied as
catalysts copper chlorides supported on activated carbon or silica
[23,24]. The active carbon-based catalysts presented good selectivity
towards DMC for methanol, but not for CO, which was easily oxidated to
CO3 and formed undesired byproducts (chloromethane) [25,26].

Due to these problems, research efforts moved towards the use of Cu-
exchanged zeolites as catalysts [27]. Several types of zeolite supports
have been evaluated by different authors, such as, X zeolite [28,29], Y
zeolite [22,30-32], mordenite [32] and ZSM-5 [27,29,32]. Also Al-KIT-
6 [33] and MCM-41 [34] have been proposed as supports. Previous
studies had showed that the Y zeolite support was better in terms of
activity and selectivity to DMC than other zeolites, like ZSM-5, mor-
denite and X zeolites [32].

Oxidative carbonylation of methanol has successfully been studied
by spectroscopic techniques. The identified reaction intermediates have
been found useful to postulate a mechanism for the reaction. First,
methanol is adsorbed on surface bound-Cu™ active centers to form a
methoxide species, Cu-OCHj. Then, gas-phase CO is inserted on the
adsorbed methoxide species and, finally, DMC is formed by dehydration
with another methanol molecule [30,35-37]. The strength of CO and
methoxide adsorption affects the reaction. A strong adsorption of CO
actually blocks the sites for methoxide formation, but does not partici-
pate in DMC formation [29]. The better performance of Cu/Y zeolites for
the oxidative carbonylation reaction is associated to an easier adsorp-
tion of methanol, due to a weaker adsorption of CO in comparison to the
other Cu-exchanged zeolites [36]. The balanced acidity of the Y zeolite
support, with a Si/Al ratio of 6, is also useful to catalyze the dehydration
steps of the reaction mechanism.

The Y zeolite support, with a Si/Al ratio of 6, offers balanced acid and
hydrophilic properties, as required by the dehydration steps of the re-
action mechanism, which catalyze the formation of DMC. However, too
strong acidity can also trigger other undesired dehydration reactions,
resulting in the formation of dimethoxymethane (DMM), dimethyl ether
(DME) and methyl formate (MF) by-products [27,28].

Despite the Cu/Y zeolite exhibits the best performance, there are not
kinetic models available for this catalyst. The present work wants to fill
this gap and, for the first time ever, a mechanistic kinetic model is
presented for Cu/Y zeolites. This model constitutes the first step needed
to accomplish the scale-up of a production process of DMC based on
oxidative carbonylation of methanol in the gas phase.

To achieve this objective, first, the Cu/Y zeolite has been prepared
via solid-state ion exchange. Then, reaction experiments have been
carried out in a continuous fixed-bed reactor to evaluate the stability of
the catalyst and determine the influence of the main operating variables
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(temperature and reactant concentration). Finally, a kinetic model has
been developed based on the reaction mechanism, and this model has
been fitted to the experimental data.

2. Materials and methods
2.1. Chemical reagents

Solid and liquid reagents used in this study are: copper (I) chloride
(97%, Alfa Aesar), methyl formate (Sigma Aldrich, reagent grade 97%),
dimethoxymethane (Sigma Aldrich, reagent plus >99%), dimethyl car-
bonate (Sigma Aldrich, anhydrous >99%) and methanol (VWR, AnalaR
NORMAPUR >99.8%). All the gases used as reactants and for the
analysis by gas chromatography were provided by Air Liquide: Nj
(Alphagaz 1), O (Alphagaz 1), He (Alphagaz 1), air (Alphagaz 1), CO (>
99%) and dimethyl ether (> 99.9%). The catalyst support was the
ammonium Y zeolite with a Si/Al ratio of 6, supplied by Zeolyst
International.

2.2. Catalyst preparation

The catalyst has been prepared according to a solid-state ion ex-
change (SSIE) procedure. First, the zeolite powder and copper (I) chlo-
ride solids were mixed in a mass ratio of 4:1. Then, the mixture was
loaded into a stainless steel tube and heated in He stream to 650 °C for
20 h to promote the volatilization of the copper salt and ion exchange
into the zeolite [28,30,32]. Finally, the catalyst was pelletized and
sieved to a particle size in the range 0.355-0.100 mm.

2.3. Catalyst characterization

The copper content of the Cu/Y zeolite was determined by dissolving
the samples in aqua regia and the analysis of the solution using an
inductively coupled plasma mass spectrometer (ICP-MS).

The catalyst morphological properties were obtained using different
techniques. Surface area and internal porosity were measured on a
Micromeritics ASAP 2020 Plus. Diffractograms of the catalysts were
obtained via X-ray powder diffraction (XRD) on a Bruker D8 Discover
diffractometer with a radiation scanning 20 range between 5 and 90°.

2.4. Experimental device

The oxidative carbonylation reaction tests were carried out in a
stainless-steel fixed-bed tubular reactor operated continuously. The
reactor (6.8 mm of internal diameter) was loaded with 2 g of catalyst
(catalytic bed length of 72 mm) and upstream the catalytic bed the
reactor tube was filled with glass spheres (1 mm). Ideal plug flow regime
in the catalytic bed was ensured using a ratio of reactor diameter to solid
particle size higher than 10 (11) and a ratio of reactor length to solid
particle size higher than 50 (108) [38]. Temperature inside the reactor
was measured using a thermocouple placed below and close to the
catalytic bed. The measurements of this thermocouple were used by a
PID feedback controller to regulate the power of the electrical oven that
surrounded the reactor tube. The oven is also equipped with 4 ther-
mocouples that measure the temperature along the reactor outside the
tube to evaluate if the operating conditions were isothermal. These
conditions were achieved by diluting the catalyst with glass, as
explained above, and by operating the reactor at low conversion (below
10% for the tests aimed at measuring the reaction rate and used in the
kinetic analysis).

Gas flowrates were set using mass flow controllers provided by
Bronkhorst, while the liquids were introduced using a syringe pump.
The WHSV was typically 4.65 Nm>/h kg, All the experiments were
performed at atmospheric pressure. Most of the tubing of the equipment
was covered by heating tape, set to 120 °C to prevent condensation of
any compounds.
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The effluent of the reactor was analyzed on-line using a gas chro-
matograph (Agilent HP-6890 N), equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID) placed in series.
Reactants and products were separated using two columns: a HP Plot Q
(to separate CO, and the oxygenated organic compounds) and a HP
MoleSieve 5A (to separate CO, O and N3). The latter column was laid
out on-line or off-line using a multi-port valve.

2.5. Reaction tests

The reaction tests were carried out in the continuous fixed-bed
reactor by feeding a mixture of the reactants (methanol, CO and O5)
and N acting as balance gas.

The kinetics of the reaction was studied at 120 °C and WHSV of 4.65
Nm®/h kgcat- Reactants concentrations were changed, and the corre-
sponding reaction rates of product formation determined using the
outlet concentrations measured in steady state. The operating conditions
were selected to maintain conversion below 10%. By this way, the fixed-
bed is operated in the differential reactor regime, i.e., temperature,
concentration and reaction rate being approximately the same for all the
catalyst particles of the reactor. According to this, the following
expression were used to estimate the reaction rates:

p _dFi Fi—Fy Fy
Taw T W W

(i = yo) (@]

Where r; is the reaction rate of compound i, F; is the molar flow rate,
y; is the molar fraction, W is the mass of catalyst and Fy/W is the space
velocity (WHSV).

3. Results and discussion
3.1. Catalyst characterization

The solid-state ion exchange procedure used for the preparation of
the catalyst led to zeolites with a copper content of 5.7 wt%. This value is
slightly lower than the one reported by other authors using the same
preparation method [30]. Fresh and aged catalyst samples showed the
same copper content.

The results of nitrogen adsorption tests are shown in Table 1. The Cu-
exchanged zeolites exhibit lower BET surface area than the bare Y
zeolite, which may be caused by the blockage or collapse of some mi-
cropores during the copper exchange, as suggested by the observed
decreases of microporous volume. Mesoporous volume remains practi-
cally constant, which means that this type of channels are quite stable.
The results obtained for the used Cu/Y zeolite (time on stream 100 h at
120 °C) are very close to that of the fresh one, except for a slight decrease
in the microporous volume. These results confirm that the Cu/Y zeolite
presents a good structural stability at reaction conditions.

Fig. 1 presents the XRD patterns of the NH4-Y zeolite and the Cu/Y
zeolite, prepared by solid-state ion exchange (SSIE). The most relevant
peaks of the Y zeolite are located at Bragg's angle of 6, 10, 12, 16, 19, 20
and 24, being the first one the peak with the highest intensity. No new
peaks are detected after SSIE but the intensity of the characteristic peak
of zeolite Y (6.13°) decreased for the exchanged zeolite, showing a
crystallinity decrease of 26%.

Table 1
Surface area and pore volume of Y zeolite and fresh and used Cu/Y zeolite.

Sample BET surface Mesoporous volume Microporous volume
(m?%/g) (em®/g) (em®/g)
NH4-Y zeolite 693 0.155 0.262
Cw/Y zeolite, o 0.149 0.219
fresh
Cu/Y zeolite,  5q5 0.151 0.200
used
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3.2. Determination of the reaction scheme

The analysis of the reactor effluent revealed the presence of three
products: dimethyl carbonate (DMC), dimethoxy methane (DMM) and
dimethyl ether (DME). The product distribution is highly affected by
temperature, as depicted in Fig. 2. This test was carried out at WHSV of
4.65 Nm®/h kgeat with a feed concentration (in mole %) of: 16%
methanol, 42% CO and 8% Os.

At low temperature, the selectivity of DMC and DMM are high,
respectively, 60% and 40% at 100 °C. However, on increasing temper-
ature the selectivity of DMC decreases considerably, falling to zero at
200 °C. DMM selectivity increases from 40% at 100 °C to a maximum of
61% at 150 °C and, then, decreases towards zero. The decrease of DMC
and DMM selectivity is associated to an increase in DME formation with
a selectivity increasing sharply with temperature (at 200 °C DME is the
main product with a selectivity of 87%).

According to these experimental results, the reaction scheme of Fig. 3
has been proposed. Methanol can react according to three parallel re-
actions: oxidative carbonylation to DMC, oxidation and aldol conden-
sation to DMM, and dehydration to DME. The stoichiometry of these
reactions is different; both DMC and DMM formation require oxygen,
but only DMC synthesis consumes CO. As shown in Fig. 2, the rates of
these reactions are highly dependent on temperature. This is explained
by the functional properties of the Cu/Y zeolite catalyst, offering
different types of reaction sites: Cu sites for the oxidation reactions and
acid sites of the zeolite for dehydration reactions. The Cu sites are
activated at a lower temperature and, consequently, DMC and DMM are
the main products in the range 100 to 150 °C.

The catalytic activity of the acid sites of the Y zeolite has been tested
by means of reaction tests with a feed made of 16% methanol in nitrogen
(WHSV = 4.65 Nm®/h kgcao).

At 120 °C, there were no conversion. At 150 °C, methanol conversion
was 0.34%, being DME the only product. The test was repeated using the
un-exchanged Y zeolite and methanol conversion was 0.8% at the same
conditions. This result demonstrates that methanol dehydration to DME
is catalyzed by acid sites of the Y zeolite.

Given that DMC and DME selectivity are inversely correlated, it is
plausible to consider that part of the formed DME can be produced by
decomposition of DMC. To test this hypothesis a set experiments has
been done using DMC as reactant. The space velocity was the same as in
the previous tests (4.65 Nm®/h kgcar). At 120 °C and a feed gas of 1.5%
DMC, the reaction products were DME and CO5 with a conversion of
28.7% for the Cu/Y zeolite catalyst. The test was repeated at the same
conditions for the un-exchanged Y zeolite, resulting in a conversion of
100%. This suggests DMC can easily decompose to DME on the acid sites
of the Y zeolite. Additional tests were carried out at different DMC feed
concentrations and reaction temperatures, as summarized in Table 2.

An increase in DMC feed concentration led to a decrease in conver-
sion, which can be attributed to the strong adsorption of DMC on the
catalyst acid sites. Conversely, an increase in temperature resulted in an
increase in conversion, thereby explaining the rise in DME selectivity
seen in Fig. 2.

Considering these findings, the optimum reaction temperature to
maximize DMC yield is 120 °C. At this temperature, DMC and DMM are
the only reaction products, DMC decomposition to DME being negli-
gible. Hence, the following reaction experiments will be carried out at
120 °C. It should be noted that DMM co-product can also be interesting
with several industrial applications, such as, solvent, fuel additive or
feedstock for the manufacture of many chemicals. The separation of
these products might be done by distillation, since their boiling points
differ in >20 °C.

3.3. Stability of the catalyst

The stability of the catalyst upon time has been evaluated by oper-
ating the reactor, loaded with fresh catalyst (2 g), at 120 °C and with a
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Fig. 2. Influence of temperature on product selectivity: O DMC, [ DMM and
/\ DME. Reaction conditions: WHSV = 4.65 Nm®/h kgcat, 16% methanol, 42%
CO and 8% O, (mole fraction).

gas feed of 16% methanol, 42% CO and 8% O,. The space velocity WHSV
was set to 4.65 Nm®/h kgcat. These conditions were maintained constant
for 100 h, the reactor effluent being analyzed on-line. Fig. 4a depicts the
evolution of DMC formation rate.

In the first 1-2 h time on stream, DMC product was not observed in
the reactor effluent. This could be attributed to the adsorption of DMC or
some reactant or reaction intermediate on the catalyst surface. Note that
the acid character of the Y zeolite support makes it a good material for
the adsorption of oxygenated compound like DMC, as explained in
section 3.2. Once the surface of the catalyst is saturated, DMC appeared
in the reactor effluent.

After this initial period, DMC formation rate decreased a bit until ca.
10 h and, then, it remained practically constant for the rest of the test.
This behavior indicates that the catalyst did not suffer from deactivation
for, at least, 100 h of operation and that only a short initial stabilization
period is observed.

Water is generated as a product in DMC synthesis, and it is well-
known that water can adsorb on zeolites [28]. In order to elucidate if

Fig. 3. Reaction scheme of methanol oxidative carbonylation and aldol
condensation.

Table 2
DMC decomposition on Cu/Y zeolite. Conditions: WHSV = 4.65 Nm®/h kg,

T (°C) % mol DMC Conversion (%)
120 1.5 28.7
120 3.8 23.9
120 6.6 16.7
150 6.6 45.2
200 6.6 98.5

water has some influence on the stability of the catalyst, an experiment
in which additional water was introduced in the reactor feed had been
carried out, as shown in Fig. 4b. This test was conducted in the same way
as the previous stability test until £ = 40 h. At this time, the concen-
tration of water in the reactor feed was stepped to 4% mol. This pro-
duced a fall of DMC formation rate to zero, which is explained by the
adsorption of water on the zeolite with blockage of the reaction sites
needed for the reaction. At t = 50 h, water was removed from the feed.
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Fig. 4. a) Stability test. b) Study of the influence of water (4% water between
40 h and 50 h, heating between 50 h and 60 h). Reaction conditions: 120 °C,
WHSV = 4.65 Nm®>/h kgca;, 16% methanol, 42% CO and 8% O, (mole fraction).

However, DMC formation was not fully recovered. Then, temperature
was raised to 320 °C for a few hours in the presence of a N3 stream to
facilitate water desorption. After this treatment, temperature was set
again to 120 °C and the reaction feed was introduced (t > 60 h). As
shown in Fig. 4b, the formation rate of DMC exhibited a similar behavior
to that obtained with fresh catalyst at the beginning of the catalyst: in
the first 1-2 h, no product is formed and, then, it is reported a slight
decrease in reaction rate for ca. 10 h.

According to these results, it can be concluded that the loss of activity
caused by water is reversible and can be completely recovered by
regeneration at higher temperature. The adsorption of the water
generated as reaction product can explain the decrease of reaction rate
observed at the beginning of the test (and after regeneration). Initially
the catalyst surface is free of adsorbed water and the water generated as
product may remain adsorbed on the catalyst, decreasing the available
active sites for the reaction. However, after a few hours, the equilibrium
between the adsorbed water and the gas-phase water is established,
which is traduced into the observed constant formation rate of DMC.

3.4. Influence of the reactants concentration

The aim of this section is to study the influence of methanol, carbon
monoxide and oxygen reactants on the reaction rate. The tests were
carried out at a temperature of 120 °C, total pressure of 100 kPa, and
space time WHSV of 4.65 Nm>/h kg, (total flow gas rate of 155 NmL/
min). A temperature of 120 °C has been selected, because as discussed in
section 3.2, this value avoids the formation of DME as by-product
(Fig. 2); the only reaction products being DMC and DMM.

The space time has been selected to maintain the conversion of the
reactor below 10% in all the tests. This way, the concentration of the
reaction products is kept low, reducing the influence on the observed
reaction rates of other undesired reactions, such as, the decomposition
of DMC or the adsorption of the water product on the catalyst. In
addition, the fixed-bed reactor can be modeled as a differential reactor,
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e.g., concentrations and reaction rates approximately the same for all
the catalyst particles. The reaction rates of formation of DMC and DMM
have been calculated using the concentrations of these compounds in the
reactor effluent (see section 2.5 for more details).

The composition of the reactants has been varied in the following
ranges (in mole percentage): 6-16% for Oy, 7-27% for methanol and
18-80% for CO (the flow rate of Ny was adjusted to maintain the same
total gas flow rate and WHSV in all the tests).

The results of the experiments are depicted as symbols in Fig. 5. It
can be observed that DMC and DMM reaction rates increase on
increasing methanol partial pressure, with DMC reaction rate having a
higher dependence on the concentration of this reactant (Fig. 5a). The
dependence is not linear, since reaction rates of both products are lev-
elled for high methanol concentrations. This behavior is consistent with
an inhibition caused by the adsorption of methanol at high
concentration.

A similar behavior is observed for oxygen with reaction rate
increasing when oxygen concentration is raised (Fig. 5b). This reactant
is involved in both reactions, DMC and DMM formation. As suggested by
different authors, oxygen is responsible of the re-oxidation of the active
centers of the catalyst [36].

Regarding the effect of CO partial pressure, it is observed a high
dependence on DMC formation rate (Fig. 5c). This suggests that CO
might be involved in the rate-limiting steps of the reaction mechanism.
For the case of DMM formation, a slight decrease on reaction rate was
observed on increasing CO concentration. Given that CO is not a reactant
in DMM formation, this little decrease points to an inhibitory effect
caused by CO adsorption. Thus, it is well-known that CO adsorbs on Cu
() [30] and, hence, it may compete with methanol for the reaction
active sites. At high CO concentration, this effect is more marked,
explaining the observed decrease in DMM reaction rate.

Before fitting the experimental data to a kinetic model, it has been
evaluated if these data are affected by diffusional limitations. If it were
the case, the observed reaction rates would be lower than the intrinsic
ones and it would be more complex to fit kinetic equation based on the
reaction mechanism. In the literature, different criterion and dimen-
sionless factors have been proposed to discard the influence of diffu-
sional effect on reaction rate data [39]. Here, the Wagner module has
been used for intraparticle diffusion:

L? [—ry
My = — < 0.15 2
" Dy, < Cu )(}h.\' @

Where L = 3.8-10° m is the characteristic catalyst dimension (d,/6
for spherical particles), C4 and —r4 are, respectively, the molar con-
centration and observed reaction rate of the limiting reactant, and Dy, is
the effective diffusion coefficient, Dg, = Dk, aleine/7p) = 5.9-108 m%/s.
Knudsen diffusion (Dg, 4) has been assumed as the most important
diffusion mechanism in the Cu/Y zeolite, given the size of the catalyst
pores (0.8 nm) [40]. The Wagner module is My, = 8.10~* for the highest
reaction rate (0.29 mol/kgcat h). This means that pore diffusion resis-
tance can be neglected (M, < 0.15).

The Carberry number is commonly used to estimate extraparticle
mass transfer [39]:

1 [—ry
Ca = aikf <C—A> N < 0.05 3

In this expression a is the specific external surface of the catalyst
particle (a = 6/d, for spheres), kf = Sh Da/d, is the film mass transfer
coefficient, Dy is the molecular diffusion coefficient of methanol
(7.1-107° m?/s) and Sh ~ 2 is the Sherwood number. The estimated
value of Carberry number at the highest reaction rate was Ca = 1.4-107°,
considerably lower than the limit of 0.05. Hence, extraparticle mass
transfer resistance is also negligible.
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Fig. 5. Effect of methanol (a), oxygen (b) and carbon monoxide (c) partial
pressures on the reaction rates of DMC (O blue) and DMM ([] red) at 120 °C.
Symbols: experiments. Lines: model predictions. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

3.5. Reaction mechanism and kinetic model

The reaction mechanism for the synthesis dimethyl carbonate by the
gas-phase oxidative carbonylation over Cu—Y zeolites has already been
investigated by different authors [28,30,35,36,41]. The steps of the
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reaction mechanism are summarized in Fig. 6. First, methanol adsorbs
molecularly on Cu" cations (1) [35]. Then, adsorbed methanol reacts to
form mono-methoxide (MM) species (2). This step has been observed in
the presence of gas-phase O,, but also in its absence, at least to some
extent. This suggests a participation of lattice oxygen of CuOy aggregates
and points to a Mars-van-Krevelen mechanism [36,42].

The adsorption of a second molecule of methanol results in the for-
mation of di-methoxide (DM) species (3). Zhang et al. [32,35] proposed
two parallel paths for the formation of DMC: (a) the insertion of CO on
mono-methoxide species to generate a monomethyl carbonate (MMC)
intermediate (4), able of reacting with another methanol molecule to
form DMC (5), and (b) the insertion of CO on di-methoxide species to
form directly the DMC product (6). Conversely, Engeldinger et al.
[36,41] proposed that monomethyl carbonate (MMC) intermediate is
formed by the simultaneous adsorption of methanol and CO on the same
Cu site.

There is an agreement in the literature in considering the insertion of
CO as the slow or rate-limiting step of the mechanism (steps 4 and 6 of
Fig. 6) [30,35]. Hence, a kinetic model for the formation of DMC has
been developed. The formation rate of DMC is obtained as the sum of the
rate-limiting elementary steps of the two parallel routes of the mecha-
nism, eq. (4):

rpmc = 14+ 76 = kapcoOum + kspcoOpu ()]

The fraction of adsorbed methanol (67), mono-methoxide (0pn) and
di-methoxide (6pp) species are obtained assuming the steps before the
rate-limiting steps are fast enough to be at equilibrium. The regeneration
of oxygen in the CuOy aggregates by gas-phase O, is also considered in
equilibrium. Using these considerations, the following expressions are
obtained:

1 0 U
CuO,_, += 0,2Cu0,, 2% — K, pil? 5)
2 HCqu 1 -
Oy = K\py0 (6)
6 uOy
Oum = 1(291\//i =K, K2K02PMP:)/329 )
CuOy_y
0 2 1/29
Oow = Ks P _ g KKK, 2P0 ®)
Pu0 Pm,0

The fraction of empty Cu sites (0) are determined from a balance to
the total sites, Eq. (9). In this balance, fractions of adsorbed MMC and
DMC have been considered negligible compared to other species for two
reasons. First, the spectroscopy transient experiments reported in the
literature identified an increase in the adsorbed species at the same time
as DMC increased in the gas phase, which can be attributed to an easy
desorption of DMC [36]. Second, the experiments of the present work
were done at low conversion, in the differential reactor regime. At these
conditions, the concentration of DMC in the gas phase is low, favoring
desorption and reducing the adsorbed fraction of DMC and MMC.

The adsorption of CO on Cu sites is very important; however, the
formation of methoxide species in these sites has been found to inhibit
CO adsorption significantly, as reported experimentally [35,36] and
using the density functional theory [43]. The corresponding term for CO
adsorption (6¢p) has been included in the balance to the total sites, but
its significance as part of the kinetic model will be evaluated latter when
fitting to the experimental data.

1 =6+ 0y + Oy +Opy +0co 9

Oco = Kcopcof 10)

Solving Egs. (5) to (10) for  and substituting on eq. (4), the following
kinetic expression is obtained for DMC formation.
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Fig. 6. Mechanism of dimethyl carbonate synthesis on Cu/Y-zeolite (MM: mono-methoxide; DM: di- methoxide; MMC: monomethyl carbonate; DMC: dimethyl
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The oxidative carboxylation of methanol on Cu/Y zeolites generates
DMC as main product, but also other by-products are formed like
dimethoxy methane (DMM) and methyl formate (MF). These products
are the consequence of a further oxidation of adsorbed methoxide spe-
cies (MM) via formaldehyde (FA) intermediate, as shown in the mech-
anism of Fig. 6. This oxidation takes place with participation of lattice
oxygen of CuOy aggregates, like the formation of methoxide species,
according to a Mars-van-Krevelen mechanism (7). Formaldehyde inter-
mediate is very reactive, and it can generate a hemiacetal (HA) inter-
mediate by reaction with methanol (8). Then, the hemiacetal
intermediate can react with a second methanol molecule according to an
aldol condensation reaction to generate DMM (9) or, otherwise, it can be
oxidized with formaldehyde (10) to methyl formate (MF) [35,42]. It is
well known that the reaction of formaldehyde and methanol to DMM
can be catalyzed by acid sites of the zeolite [44].

As discussed in Section 3.2, the reaction products observed in the
present work at low temperature (120 °C) were only DMC and DMM.
Hence, the formation of methyl formate (MF, step 10) is discarded for
the development of the kinetic model. Given the high reactivity of
formaldehyde, which was not detected as product (neither in other
works from the literature), it is plausible to consider the formation of
formaldehyde (step 7) as the rate-limiting step of this reaction path. This
step involves the reaction of adsorbed mono-methoxide specie with
lattice oxygen of CuOy aggregates, eq. (12). The fraction of available
CuOx sites is determined from a site balance considering the regenera-
tion of CuOy; sites with gas-phase O3 is in equilibrium, eq. (13):

romm = 17 = ksOumOcuo, 12)

2

Ko Pl

Ocuo, = Z—Oz,/z 13)
1+ Ko,po,

The combination of Egs. (7), (12) and (13) produces the following
kinetic expression for the rate of DMM formation:
k7K, KZK(Z)EPMP()Z

Ypum = (

e 14)
1+ Ko,plf )DEN

Where DEN is the denominator of Eq. (11). Since reaction steps 8 and
9 are fast (compared to the rate-limiting step) and the gas-phase con-
centration of DMM is low (the kinetic tests were carried out at low
conversion), it has been assumed that the fraction of adsorbed HA and
DMM is low in comparison with the other species. Hence, the same
expression for the empty Cu sites (¢ = 1/DEN) as in DMC formation rate
expression is obtained, Eq. (11).

3.6. Fitting of the kinetic model

In this section, the kinetic model developed from the reaction
mechanism has been fitted to the experimental data reported in Section
3.4. Both DMC and DMM formation rates have been fitted together,
since both reactions are intrinsically related, and their kinetic equations
share some adsorption constants. The fitting has been done with the help
of a code written in MATLAB (Isqcurvefit function).

The experimental data suggested that the path based on di-
methoxide (DM) specie is not significant. The kinetic constant of the
rate-limiting step of this path (k¢) was very low and the quality of the
fitting was the same when this path was considered in the kinetic
expression and when it was neglected (i.e., kg = 0). In addition, a kinetic
expression based on this path alone (i.e., k4 = 0) produce no fitting.

The second term of the denominator of Eq. (11), corresponding to the
adsorption of molecular methanol Kipy, was also found not significant.
This suggests the fraction of adsorbed molecular methanol is low in
comparison with the other adsorbed species. The fourth term of the
denominator of eq. (11) was also eliminated, because it is associated to
the di-methoxide (DM) path.

Considering these findings, the expressions of the formation rates of
DMC and DMM are simplified to the following equations:

k4K, KZKOQPMP;)/ZZPCO

12 as
1 + KiK>Ko,pupo, + KCOPCO]

'pmc = [

k7K, KZK(Z)ZPMPOZ
1+ Ko,pl 2) [1 + K\ KsKo, puplf” + Kcopco]

2

(16

'pmm = (

The parameters of Egs. (15) and (16) were fitted to the experimental
data, as shown in Table 3. The model predictions were depicted as lines
in Fig. 5, allowing the direct comparison with the experimental data.
Thera are some minor discrepancies between the experiments and the



M. Alvarez et dl.

Table 3
Fitted parameters of the kinetic model at 120 °C (SSE = sum of
squared errors).

Parameter Value

ks 0.00729 mol kg~! h™! kPa™!
ks 0.274 mol kg~* h!

KK 0.080 kPa~!

Ko, 0.49 kpa'/2

Kco 0.023 kPa™!

model predictions at the lowest oxygen concentration for DMM forma-
tion rate and the highest oxygen concentration for DMC formation rate
(Fig. 5b). Overall, it can be said that the model is able of predicting the
formation rates of DMC and DMM within a broad range of reactant
concentrations. This is remarked given the complexity of the reaction
mechanism and derived model.

The quality of the fitting can also be assessed using the sum of
squared errors (SSE), calculated separately for DMC (SSE = 0.0022) and
DMM (SSE = 0.0010) data (total SSE = 0.0032). It is evident from the
parity plot of Fig. 7 that the model is able of predicting the experimental
data with an accuracy of £15%.

The significance of the adsorption terms of the kinetic expressions
were also checked using the fitted parameters and the range of partial
pressures used in the experiments. The range of the different terms of the
denominator of Eq. (15) are 1 to 3 for MM adsorption term and 0.4 to 2
for CO adsorption term. In Eq. (16), the oxygen adsorption term is in the
range 0.9 to 2. Consequently, neither of these terms can be simplified
without affecting the quality of the fitting. Hence, they are considered
significative to the model.

4. Conclusions

This study concludes that Cu/Y zeolites, prepared via solid-state ion
exchange, can successfully catalyze the oxidative carbonylation of
methanol to dimethyl carbonate (DMC). The reaction experiments in a
continuous fixed-bed reactor showed an important dependence on
temperature of product selectivity. At low temperature (< 140 °C), the
main formed compound was the desired DMC product. However, at high
temperature (> 180 °C), it was found that DMC decomposed to DME due
to the acid centers of the zeolite. Consequently, the optimum recom-
mended operating temperature is 120 °C.

The kinetic experiments, carried out at different concentrations of
the reactants, revealed that the formation rate of DMC and DMM were
favored by an increase in methanol and oxygen partial pressure, though
the dependence was not linear an increase rate levelled at high con-
centrations. Carbon monoxide only had a marked dependence on DMC
formation rate.

A kinetic model for DMC formation rate was derived from the pro-
posed reaction mechanism, based on the formation of adsorbed methoxy
species (step in equilibrium) and, then, reaction with carbon monoxide
to form monomethyl carbonate (rate-limiting step). Similarly, an
expression of DMM formation rate was also derived based on a reaction
mechanism with formaldehyde formation as the rate-limiting step. The
kinetic and adsorption constants of the model were fitted with good
results to the experimental data. The proposed kinetic model constitutes
a valuable tool for the scale-up of a process for DMC production, based
on the oxidative carbonylation of methanol in the gas phase.
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